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The effects on membrane lipid composition of chronic in vivo exposure of adult cells to a fetal plasma environment were studied in eight infants who received repeated intrauterine transfusions for erythroblastosis fetalis. Comparison is made between the lipid composition of the transfused adult cells obtained at delivery and the lipid composition of cells from normal newborn infants, from nontransfused newborn infants with erythroblastosis (EB), and from adult donor cells. Transfused cells which had circulated in the fetus for a minimum of 5-16 days showed a significant increase in membrane cholesterol (transfused cell cholesterol: 1.53 mg/cell X 10~1 ). These increases in membrane lipid content were not accompanied by increased cell volume.
Phospholipid distribution in cells circulating the shorter period was similar to that seen in donor cells except for a lower percentage of combined phosphatidyl serine + phosphatidyl inositol (transfused cells: 10.6% total phosphorus; donor cells: 13.5% total phosphorus). The patient with longer cell circulation had an abnormal phospholipid distribution, similar to that seen in hepatic disease (phosphatidyl choline: 44.4% total phosphorus; donor phosphatidyl choline: 28.4% total phosphorus), and subsequently developed elevated levels of direct bilirubin.
Phospholipid fatty acid distribution in the transfused cells more closely resembled the fetal pattern with low levels of linoleic acid (transfused: 5.7% of total fatty acids; donors: 10.0% of total fatty acids). Sensitivity of the transfused erythrocytes to hydrogen peroxide hemolysis was elevated in three patients (fetal cell pattern) and low in three patients (adult cell pattern). Lipid values in plasma were similar in transfused patients, in nontransfused infants with EB, and in normal infants except for slight elevations of total phospholipid in the transfused group.
Speculation
The concept that fetal erythrocytes containing fetal hemoglobin are necessary for intrauterine life would appear untenable inasmuch as it is now apparent that adult erythrocytes with adult hemoglobin can maintain fetal viability in utero. Because many of the functional characteristics of the fetal erythrocyte are more directly related to the presence of a fetal red cell membrane than to the presence of fetal hemoglobin, it is possible that the efficacy of adult cells in utero may, in part, be related to an ability to adapt to a fetal environment. These studies demonstrate a tendency for transfused adult erythrocytes to alter certain aspects of their lipid composition when exposed to a fetal plasma environment in vivo.
Introduction
As a result of a lack of significant de novo lipid synthesis, the erythrocyte is dependent on the plasma environment for lipid homeostasis, either by a mechanism of direct exchange or by conversion of monoacyl phospholipid in plasma to cellular phospholipid through acylation [3, 19, 20, 31, 32] . Despite this, the erythrocyte seems capable of maintaining relatively normal lipid composition in several pathologic states associated with severe plasma hyperlipemia [21] . Conversely, total lipid content of erythrocytes in cord blood is 27% higher than that found in adult erythrocytes despite circulation in a comparatively low plasma environment [8, 22] .
It is unclear whether this dissociation between erythrocyte and plasma lipid levels in the neonate is an intrinsic characteristic of the fetal cell or whether it is a reflection of interaction between the cell and the plasma environment. The administration of adult blood in ulero to the fetus affected by erythroblastosis [18] offers a unique opportunity to study the effect of chronic exposure to a fetal plasma environment on adult erythrocyte membrane lipids in vivo.
Materials and. Methods
Erythrocyte lipid studies were performed on samples of cord blood from a selected group of eight infants who received multiple intrauterine transfusions for Rh erythroblastosis at the UCLA Medical Center (group IUT). The infants received between two and six intrauterine transfusions with an average interval of 14 days between each transfusion. The criteria for transfusion and the method utilized have been previously reported [17] . Infants were selected in whom, at birth, essentially all circulating erythrocytes were transfused adult cells (based on cell ABO and Rh type, direct Coombs' test and acid elution staining characteristics). The clinical and laboratory course of these infants is shown in Table I ; on samples of cord blood from a control group of 10 Rh infants with erythroblastosis (EB) who did not receive intrauterine transfusions to characterize the anticipated lipid patterns from residual fetal cells (group E)\ on samples from 15 freshly drawn type O, Rh-negative blood donor units to characterize the transfused adult donor cells (group D); and on samples of cord blood from a group of 42 full term normal newborn infants previously reported [22] (group N).
Plasma lipid studies were performed on all patients in group IUT and group E as well as on nine members from group N.
Blood samples were collected in ethylenediaminetetraacetic acid (1 mg/ml blood), centrifuged at 4°, and the plasma was removed. The buffy coat was discarded. Erythrocytes were washed two to three times with an equal volume of 0.9% NaCl until the supernatant was clear. A 60-70% suspension of erythrocytes in 0.85% NaCl was made and aliquots were taken for hematocrit determination and cell counting [40] . Erythrocyte lipid determinations on all study patients were performed in duplicate.
Two-milliliter aliquots of erythrocyte suspension or plasma were extracted twice in chloroform-methanol (2:1) by a modification of the method of Farquhar [9, 23] . Total lipid extract was dissolved in 10 ml petroleum ether and aliquots were taken for determinations of total lipid, determined gravimetrically; total cholesterol [6] ; lipid phosphorus [2] ; and phospholipid fractionation employing thin layer chromatography (TLC) on Silica Gel H [33] . Lipid spots were localized by iodine vapor and identified by comparison with purified phospholipid standards. Phosphorus content of individual fractions was determined [26] . Separation of phospholipid from neutral lipid was accomplished by column chromatography on silicic acid [35] . Phospholipid fatty acids were methylated [36] and quantitated on a gas chromatograph [41] utilizing a 6-foot column packed with 15% diethylene glycol succinate liquid phase on Chromsorb W (oven temperature, 180°; injector temperature, 280°; detector temperature, 210°). Fatty acids were identified by comparison with known standards [42] and published retention times [1] . Aldehydes were identified by the method of Farquhar [10] .
Multiple erythrocyte analysis utilizing these procedures have the following coefficients of variation for major lipid fractions: total lipid per cell, 1. Fetal cells were identified by the acid elution technique [16] . Hydrogen peroxide hemolysis test was per- 
+
formed by the method of Gordon el al. [13] modified to include use of 2, 3, and 4% H 2 O 2 .
Results
Erythrocyte lipid values in IUT patients 1-7 were similar and are consequently grouped together for comparison; IUT patient 8 showed dissimilar values and is listed separately. It should be noted in Table I that the interval from last transfusion to birth in IUT patients 1-7 ranged from 5 to 16 days, whereas the interval in IUT patient 8 was 30 days.
The values for total lipid, lipid phosphorus, and cholesterol of the erythrocytes are shown in Figure 1 . Levels of total lipid and lipid phosphorus per cell in erythrocytes from IUT patients 1-7 were similar to those found in adult donor cells, whereas levels of cholesterol per cell were significantly higher (P < 0.01), and approached the levels seen in erythrocytes from normal newborn infants and infants with EB. The percentage of total lipid present as phospholipid was similar in all groups studied (JUT patients 1-7, The IUT patient 8, who had the longest interval between the last transfusion and delivery (30 days) , showed values for total lipid and cholesterol per cell similar to those seen in normal infants. Lipid phosphorus per cell was at a level midway between the Table I . mean for normal newborn cells and the mean for donor cells. Figure 2 shows the relation between total lipid per cell at delivery and the minimal duration of circulation of the transfused adult cells in the fetus. There is a trend toward increase in membrane lipid per cell with progressively longer exposure to the fetal environment in utero (correlation coefficient, 0.96). Phospholipid fractionation of erythrocytes is shown in Figure 3 . The percentage of phospholipid in the combined phosphatidyl serine and phosphatidyl inositol fraction of cells from IUT patients 1-7 was significantly decreased (P < 0.01) when compared with percentage of phospholipid found in cells from donors, from normal newborn controls, or from infants with EB. The percentage of phosphatidyl choline in cells from IUT patients 1-7 did not differ significantly from that found in the donor group or those with EB. The level of phosphatidyl choline in cells of both IUT patients 1-7 and controls with EB was significantly increased over the relatively low levels previously emphasized as characteristic of normal newborn cells (P < 0.01) [22] . Two of the samples from IUT patients 1-7 had phosphatidyl choline values in excess of 2 SD above the mean for the donor cells (patient 1: 34.2%; patient 7: 33.4%). Erythrocytes from four of the remaining five patients had percentages of phosphatidyl choline in excess of 31% of total lipid phosphorus.
Erythrocytes of IUT patient 8 had a phospholipid fractionation which tended to accentuate the differences noted above for IUT patients 1-7. The percentage of phosphatidyl choline (PC) was markedly elevated (44.4% of total lipid phosphorus) with concomitant reduction in percentages of sphingomyelin, phosphatidyl ethanolamine (PE) and combined phosphatidyl serine (PS) + inositol (PI ). Similar alterations in phosphatidyl choline and phosphatidyl ethanolamine have previously been reported in patients with liver disease, particularly when associated with biliary obstruction [23] .
Erythrocyte phospholipid fatty acid distribution is shown in Table II . Nineteen identifiable peaks have been quantitated by gas chromatography but only 10 major fatty acids are compared here. Cells from IUT patients 1-7 differed from donor cells in having higher levels of palmitic acid (C 16:0 ) and palmitoleic acid (Cio:i) combined with lower levels of stearic acid (Ci3:o) an( l Hnoleic acid (G 18:2 ). The major difference is in the lower levels of linoleic acid where IUT patients 1-7 approached the low values characteristic of those found in cells of both normal newborns and newborn infants with EB; IUT patient 8 again showed an accentuation of the trends noted in the other IUT patients. Although the levels of palmitic acid (C 1B:0 ), palmitoleic acid (C 1G:1 ), oleic acid (C 18:1 ) and arachidonic acid (C 2 o: 4 ) reported were similar to those seen in normal newborns, the low level of stearic acid (Ci8:o) observed in IUT patient 8 was distinctly lower than that found in either donor cells, in cells from controls with EB, or in cells from normal newborn controls. As in IUT patients 1-7, the level of linoleic acid of IUT patient 8 (6.2%) fell between the newborn level (3.4%) and the donor level (10.0%).
Plasma lipid values for the IUT group are contrasted with those of normal newborns and control groups with EB (Fig. 4) . Plasma lipid values for IUT patient 8 fell well within the range noted for IUT patients 1-7 and only the combined group values (IUT patients [1] [2] [3] [4] [5] [6] [7] [8] are shown. Total plasma lipids and cholesterol showed no significant differences among the three groups. Levels of total phospholipid in the IUT group were significantly increased (P < 0.01) compared with those found in normal newborns, but not when compared with other infants with EB. Phospholipid fractionation showed no significant variations among the three groups. Phospholipid fatty acid distribution is not shown, but it was similar in all three groups with the exception of oleic acid (C 18:1 ), which was significantly increased (P < 0.01) in both the controls with EB and the IUT group over the level seen in normal newborns.
Peroxide hemolysis studies on six of the infants in the IUT group are shown in Figure 5 . Three of the patients (2, 4, and 6) showed sensitivity to peroxide hemolysis similar to that normally seen with adult cells. The other three infants, 5, 7, and 8, showed sensitivity to peroxide hemolysis similar to that seen in normal newborn cells. 
Discussion
The utilization of intrauterine transfusion of adult blood into the fetus affected with erythroblastosis has afforded a unique opportunity to study the effect on adult erythrocyte lipids of chronic exposure to a fetal plasma environment in vivo. Because of the severity of the rhesus sensitization, essentially all of the infants' own Rh-positive cells had been destroyed in the infants selected. A relatively pure sample of transfused adult blood was thus available for study at birth. Previous reports on intrauterine transfusions have emphasized this phenomenon [5, 29] . Since de novo lipid synthesis is virtually nonexistent in the nonnucleated erythro- cyte, it is assumed that the lipid alterations noted in the cells thus obtained have occurred by a process of plasma lipid-membrane lipid interaction. Despite the low level of plasma lipid noted in the study infants, the transfused erythrocytes tended to increase the lipid content, particularly cholesterol, with increasing duration of circulation in vivo. The changes noted in lipid composition of the adult erythrocytes are in the direction of that normally found in erythrocytes of normal newborns [22] . The one patient, IUT patient 8, in whom adult cells circulated for a minimum of 30 days, attained levels of total lipid and cholesterol in the erythrocytes comparable to those in the neonate. Since the exchange between erythrocyte and plasma cholesterol appears to have the most rapid turnover of all the membrane lipids [15] , it would be anticipated that Table I . Solid line and shaded areas denote mean ± 1 SD for normal adult and newborn control subjects.
cholesterol levels of the membranes would reflect these changes most rapidly.
This trend toward increased membrane lipid in the study group is accentuated when considered as a function of cell size. The erythrocytes of the infants with EB and of normal newborn controls were macrocytic compared with the donor cells The percentage of individual phosphatides found in the transfused cells at birth shows a pattern unique to this group. The low levels of combined phosphatidyl serine and phosphatidyl inositol are in marked contrast to both the donor cells and those from infants with EB or from normal newborn controls. Inasmuch as the major component of this fraction is phosphatidyl serine (which has a negligible turnover rate with plasma), this may be merely a reflection of lipid loss with cell aging [27, 37] . Previous studies, however, have not noted significant changes in phospholipid distribution with cell aging [34] .
The factors which cause adult erythrocytes circulating in a fetal plasma to alter their lipid composition are not known. The lipid composition of erythrocytes from normal neonates differs from that of adult erythrocytes primarily by having an increased amount of total lipid, phospholipid, and cholesterol per cell [22] . When compared with adult erythrocytes, phospholipid distribution in neonatal erythrocytes shows lower percentages of phosphatidyl choline and phosphatidyl ethanolamine coupled with increased percentages of sphingomyelin and combined phosphatidyl serine + phosphatidyl inositol [22] . The possible influence of decreased plasma levels of lecithin-cholesterol acyl transferase (LCAT) on erythrocyte membrane lipid composition has been emphasized both in patients with obstructive jaundice and in patients with a congenital deficiency of this enzyme [7, 11] . The LCAT catalyzes the transfer of one fatty acid from lecithin to unesterified cholesterol, resulting in the formation of lysolecithin and cholesterol ester [12] . Despite the fact that the rate of this transacylation reaction in the neonate serum is only one-half that found in maternal serum [30] , the percentage of serum cholesterol in the ester form and the percentage of serum phospholipid represented by lecithin (phosphatidyl choline) are similar in the neonate and the adult [38, 39] . Thus it would appear unlikely that the lower levels of LCAT in neonatal serum are instrumental in influencing the normal erythrocyte lipid pattern significantly. Indeed, if decreased LCAT were an important factor in the normal neonate, an increased level of erythrocyte phosphatidyl choline, rather than a decreased level, wotdd be anticipated, as is seen in patients with obstructive jaundice or familial absence of LCAT [7, 11, 23] .
The possible influence of reduced LCAT levels of fetal plasma on the transfused adult erythrocytes is open to conjecture. A trend toward higher levels of phosphatidyl choline in the IUT cells was noted when compared with that found in cells of normal newborns or adult donor cells. Since similar elevations of erythrocyte phosphatidyl choline were noted in the nontransfused newborns with EB, an alternate explanation for these observations may be the influence of obstructive jaundice or hepatocellular damage in these patients. This possibility may indeed be exemplified by the observations on IUT patient 8. As noted above, erythrocytes of this patient had 44.4% of phospholipid as phosphatidyl choline. Total bilirubin in cord blood was 8.2 ing/100 ml (direct not done). Repeat bilirubin measurements at 9 hr of age, following exchange transfusion at birth, recorded a total of 8.2 ing/100 ml with 5.5 mg/100 ml as the direct-acting type. When last checked prior to his death on day 3, bilirubin total was 14.0 mg/100 ml with a direct-acting fraction of 7.2 mg/100 ml. At autopsy, the liver showed marked extramedullary hematopoiesis with bile and hemosiderin pigment within the bile canaliculi and Kupfier cells. Three other infants {IUT patients 1, 3, and 7) also showed significant levels of direct-reacting bilirubin during the neonatal period. The phosphatidyl choline percentage of their cord blood erythrocytes was 34.2, 31.9, and 33.4%, respectively. Repeat studies on IUT patient 3 at 72 hr of age showed an increase in phosphatidyl choline to 34.2% and an increase of erythrocyte cholesterol from 1.44 x 10-10 mg/cell to 1.62 x 10~1 0 mg/cell. These observations correlated temporally with the peak of total and direct bilirubin (total: 11.3; direct: 6 mg/100 ml). Serial studies were performed on IUT patient 1. At 14 days of age the phosphatidyl choline fraction of the erythrocyte lipids constituted 45.6% of total phospholipid while cholesterol per cell was unchanged. Serum bilirubin at that time showed a total of 13.2 mg/100 ml and a direct fraction of 6.5 mg/100 ml. When studied at 5 months of age, he was anicteric and had a normal erythrocyte lipid profile including a phosphatidyl choline fraction of 31.4% of total lipid phosphorus. Similar observations on relatively rapid changes in erythrocyte membrane lipid composition have previously been reported in association with reversible forms of hepatic disease and elevated direct-acting bilirubin [24] . A relation between elevated conjugated bilirubin and liver necrosis in erythroblastosis fetalis has been noted, suggesting that some of the lipid changes noted may be more directly related to the hepatic status than to the age of the recipient [28] . These observations tend to emphasize that the membrane lipid composition is in a dynamic state and dependent on multiple factors affecting the fetal metabolism.
The development of an increased susceptibility to hydrogen peroxide hemolysis is a characteristic which could not be related temporally to the period of cell circulation in utc.ro. The intervals since the last transfusion for the three patients who showed increased peroxide hemolysis were 7, 9, and 30 days, respectively, whereas those with normal adult peroxide hemolysis patterns were 5, 6, and 8 days, respectively. If one excludes IUT patient 8 from consideration, the remaining five patients ( JUT 2, 4, 5, 6 , and 7) in whom peroxide hemolysis studies were performed showed essentially identical lipid profiles at birth. Therefore, it is difficult to explain the fact that three of these patients had normal and two had abnormal peroxide hemolysis on the basis of any alteration of membrane lipid. Although measurement of vitamin E levels was not performed on these patients, it has been shown that virtually all newborns, particularly prematures, have low levels of this vitamin [14] . A direct correlation between low levels of vitamin E and increased susceptibility to peroxide hemolysis in the neonate has not been noted, however [25] . It is presumed that the development of susceptibility to peroxide hemolysis in these adult cells is an acquired defect, possibly associated with circulation in a vitamin E-deficient environment, as has been described in adults with malabsorption of fat-soluble vitamins [4] .
Summary
The alterations observed in lipid composition of adult erythrocytes following prolonged circulation in the fetus in utero have been reported. Transfused adult erythrocytes showed a significant increase in membrane lipid, primarily cholesterol. Membrane phospholipid distribution generally remained unchanged except for those patients in whom conjugated hyperbilirubinemia was associated with increased percentage of membrane phosphatidyl choline. Fatty acids esterified to phospholipid showed low levels of linoleic acid as typically seen in the neonate. The resulting alterations of adtdt erythrocyte membrane lipids following prolonged circulation in the fetus would appear to be a function of both the fetal plasma environment and fetal hepatic function.
